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Abstract. The photoluminescence spectra of ZnSsSe;x and ZnSiSei.x : Mn nanocrystals obtained by combustion
synthesis for all compositions with the parameter step x = 0.2 were registered. The movement of the maximum of the
integral photoluminescence spectrum in ZnSxSe;x and ZnSSei.x : Mn nanocrystals towards higher energies, depending
on the parameter x, was noted. It was noticed that in the range of values x = 0.2+0.4 there is an abrupt change in the
half-width of the integral photoluminescence spectrum in ZnSSeix and ZnSiSex : Mn nanocrystals and the signal
intensity; this may be due to the crystal lattice transformation. The parameters of the individual photoluminescence
spectra of ZnS,Sei.x : Mn nanocrystals were determined by one experimental measurement based on the Tikhonov
method and the derivative spectroscopy method. The nature of the individual photoluminescence bands is discussed.
The difference between the integral (sum of individual bands) and experimental spectrum arises from the presence of an
additional individual band of low intensity in the experimental spectrum. This individual band is located in the region of
E =2.48 eV and is associated with the electronic transitions in Mn?* ions in the ZnS lattice.

Keywords: ZnS.Se;.. nanocrystals; ZnS.Sei. : Mn nanocrystals; combustion synthesis; photoluminescence
spectra; individual emission bands
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AHoTaIlisl. 3apeeCTPOBAaHO CIIEKTPU (POTOIIOMIHECIICHINIT HAHOKPUCTAIB ZnSxSej.x 1 ZnScSeix : Mn, oTpuMaHUX

METOJIOM CaMOIIOIIMPIOBAHOTO BHCOKOTEMIIEPATYpPHOTO CHHTE3y, Ul BCIX CKJIaZiB i3 KpokoM mapamerpa x = 0,2.
BigmideHO mepeMimieHHS MaKCUMyMy IHTErpalbHOTO CIeKTpa (OTOJOMiHEecHeHLii B HaHOKpUcTanax ZnSiSeix 1
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ZnSiSeix : Mn y 06ik OinbpII BETWKHX €HEprid 3alekHO Bijg mapaMerpa x. [loMideHo, IO B Jiama3oHi 3HAYCHBb
x = 0.2+0.4 BinOyBaeTbcsi pi3Ka 3MiHA MIBIIMPUHM IHTETPAIBHOTO CIIEKTpa (OTONIOMIHECHEHIIT B HaHOKpUCTaNaX
ZnSySeix 1 ZnSsSei«: Mn Ta iIHTECHCUBHOCTI CHT'HAIY, I1e MOKe OYTH OB’ SI3aHO 3 IEPETBOPEHHSIM KPHCTAJIYHOI IPaTKu
Ta Pi3KOK0 3aMiHOI0 OTOYeHHs ioHiB Mn?' i3 cipku Ha ceneH. BUKOpHCTOBYIOuM (GOPMyYNy IS 3TJIQJDKYBAHHS
eKCIIEPUMEHTAJILHOIO criekTpa (oromominecueHii Ha OCHOBI Merony THXOHOBa, OTPHMANH peryJspH3aLiiHuN
koediient. [TapameTpy iHAMBIAYaTIbHUX CHEKTPIB (OTOIIOMIHECIICHIIT HAHOKpHUCTANB ZnS,Sei« : Mn BU3Ha4eHO 3a
OJIHMM €EKCIICPUMEHTAJIbHUM BHMIPIOBAaHHAM Ha OCHOBI METOJy HOXiqHOI crekTpockorii. OOGroBoproeTscs mpupona
okpemMux cMyT (oTomoMinecteHIlii. [lokazaHo, MO0 cyma NICTKH 3HANAECHUX OKPEMHUX CMYT MOXE HE BIIIOBITaTH
EKCIIEPUMEHTAILHOMY CIEKTpY (QoToNOMiHeceHii. Pi3HUI MiXk iHTeTpalbHHM (CyMOIO OKPEMHX CMYT) i
EKCIIEPUMEHTAJIbHAM CHEKTpaMH BHHHUKA€ 4epe3 HAasBHICTh JOJATKOBOI OKPEMOI CMYT'M HHM3bKOI IHTEHCHBHOCTI B
eKCIIepuMeHTaTbHOMY criekTpi. Ll okpema cmyra po3sramoBana B obiacti E = 2.48 ¢B i moB’s3aHa 3 €eKTPOHHUMH
nepexojaMu B ioHax Mn?" y rpatui ZnS. OTpuMaHi pe3yIbTaTH H03BOJIAIOTH BAKOPHCTOBYBATH CHHTE30BAHI METOIOM
CaMOTIONTHPIOBAHOTO BHCOKOTEMIIEPATypHOTO CHHTE3Y HAaHOKpHUCTATH ZnSiSeix 1 ZnSiSeix : Mn 11 pi3HOMaHITHUX
OTITOEJIEKTPOHHUX MIPUCTPOIB.

KmrouoBi  cnoBa:  wawokpucmanu  ZnS,Sei..,;  Hamokpucmanu  ZnS.Se;x.Mn;  camonowuprosanuii
BUCOKOMEMNEPAMYPHULL CUHME3; CNEeKMPU OomMOoNIOMIneCYeHYil; IHOUGIOYATbHI cMYeU UNPOMIHIOBAHHS

1. Introduction synthesis method (CS), also known as self-
propagating  high-temperature  synthesized,
which is characterized by a number of
advantages: short process time, the possibility
of obtaining the final product in large volumes,
low cost and energy consumption per unit of
production, simplicity of used equipment and
its environmental safety [16].

Various groups of researchers have
obtained NC solid solutions ZnSSeix or
ZnCdi«xSx by the CS method [17—-22]. In this
case, the individual emission bands in the
photoluminescence (PL) spectra of
ZnSxSeix : Mn NCs were partially studied by
us in [21; 23], without describing the technique
for obtaining and the behavior of individual
bands.

The phenomenon of photoluminescence
(PL) has found wide application in various
optoelectronic devices, among them: emitting
LEDs, lasers, white light sources, information
display devices [1-3], etc. PL analysis is an
effective method of non-destructive testing; it
has found application in chemistry, biology,
medicine, physics, archeology, and forensics
[4—6] and will be very useful in the study of
new solar energy materials [7]. An analysis of
the PL spectra makes it possible to obtain
information about the structure of the energy
levels of optically active centers in the band
gap, their activation energy, the lifetime of
charge carriers in an excited state, etc. Such
information can be obtained by determining the
parameters of the individual components of the
experimental PL spectrum [8; 9]. Existing
methods for determining the parameters of Synthesis of NC of solid solutions
individual bands have their limitations. For ~ ZnSiSeix and ZnSiSeix : Mn was carried out
example, the Alentsev-Fock method requires  according to the procedure described in [20]
several very different spectra in which the same ~ with a parameter step x = 0,2. The
emission centers participate [10], A-modulation  characteristics of the obtained nanocrystals are
requires the use of expensive and complex  presented in [17; 20].
equipment [11], ORIGIN allows computer It should be emphasized, that the crystal
simulations that can be divorced from real lattice parameters of the NC solid solutions
physical processes [12]. Solid solutions of  ZnSxSeix and ZnSiSeix: Mn in the cubic phase
ZnS.Seix and ZnS,Seix : Mn nanocrystals ranged from a = 5377 A (for x = 1) to
(NCs) are promising materials for creating @ =35.630 A (for x = 0). These values turned out
light-emitting  diodes, lasers, luminescent to be smaller than the crystal lattice parameters
matrices, white light sources, short-wave of single crystals of ZnSxSeix solid solutions,
radiation photodetectors, and solar panels  which are in the range from a = 5.4093A (for
[13-15]. To obtain ZnSySeix and x=1)toa=5.6687 A (for x = 0) [24]. This, in
/nSxSeix : Mn NCS, we used the combustion turn, indicates the deformation stresses

2. Material and methods
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characteristic of NC. Laser diode radiation
excited the PL of NC (Aex = 408 nm). The PL
spectra were registered by the standard

procedure at room temperature, using a
photoelectronic multiplier —136 as an emission
detector (Fig. 1).
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Fig. 1. Block diagram of the optical spectral complex for studying PL spectra (laser (1), power supply (2), mirror (3),
quartz cryostat (4), condenser with lenses (35), entrance slit of the MDR—12 monochromator (6) , photoelectronic
multiplier—136 (7), stepper motor DSHI-200-2 (8), transistor amplifier (9), two threshold discriminator (10),
CAMAC system (11—16), personal computer (17))

3. Results and discussion

The PL spectra of ZnSxSeix NCs, which
were registered at room temperature, are shown
in Fig. 2, a. The registered maxima of the
integral PL spectra of ZnSxSeix NCs are in the
green-orange region of the spectrum, as in the
works where the synthesis of ZnSxSeix NCs in
the presence of oxygen was carried out by other
methods [25; 26]. In this case, the location of
the maxima of the integral PL spectra of
ZnSxSeix NCs is quite different from the
location of the maxima of the integral spectra
of bulk ZnSxSei.x crystals [27]. This case can
be explained by the fact that the synthesis is
carried out in an air environment and the
oxidation of ZnSxSei.x NC occurs during the
reaction. It should be noted that RDA [20] did
not reveal ZnxOy phases; however, PL is a more
sensitive method [28]. It can be seen a
monotonic shift of the maximum of the
emission spectrum to the short-wavelength
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region with an increase in the parameter x. The
PL spectra of ZnSsSeix NCs were
characterized by a close half-width and were in
the energy range of 1.6-2.4 eV. On average, the
half-width of the integral PL spectrum of
ZnS,Sei.x NCs is within the range of A from 90
to 110 nm (0.43-0.48 eV) and is larger than the
half-width of the bulk PL spectrum by
20-30 %, which may be due to different
average sizes of NCs and microstresses
inherent in synthesized NC.

It should be noted that the maximum half-
width of the experimental PL spectra lies in the
range of NC compositions x = 0,2—0,4. This can
be compared with the fact that the
rearrangement of the crystal lattice of
ZnSxSe1xNCs is observed in ZnSxSei1xNCs in
this range of values [20].

The  registered PL  spectra  of
ZnS,Seix : Mn NCs are shown in Fig. 2, . The
maxima of the integral PL spectra of

ZnS,Seix : Mn NCs are in the orange region of
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the spectrum and correlate with the results of
other authors [28]. In this case, the location of
the maxima of the integral PL spectra of
ZnSxSeix : Mn NCs is shifted towards higher
energies by 10—-15 nm (E = 0.05 eV) from the
maxima location of the integral spectra of bulk
ZnSxSeix : Mn crystals. This can be explained

by the fact that the main contribution to the
emission of ZnSxSeix : Mn NCs is made by
Mn?" ions, the emission of which in NCs can
depend on microstresses inherent in NCs. The
shape of the PL spectra is asymmetric, which
indicates that the integral spectra are not
elementary.
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Fig. 2. PL spectra of ZnS.Se;.x (a) and ZnSiSe;.. : Mn (b) NCs depending on the parameter x:
()-x=1,2)-x=08, (3)-x=0.6,(4)—-x=04,(5)-x=0.2,6)—x=0

The half-width of the experimental PL
spectra of ZnSxSeix : Mn NCs is in the range of
92+114 nm (0.34-0.41 eV) and is greater than
the half-width of bulk ZnSxSeix : Mn crystals
by 10-20 nm (E = 0.05 eV). It should be noted
that in the range of x = 0.2-0.4, there is a sharp
decrease in the half-width of the integral PL
spectrum of ZnSiSeix : Mn NCs and an
increase in the intensity of the PL signal. This
may be because Mn*" ions are worse integrated
into the lattice and are mainly located on the
surface. The noise reaches 4-8 % at the
maximum amplitude in the experimental PL
spectra of ZnSxSeix : Mn NCs. The maximum
noise  amplitude  was  observed  for

ZnSo2Seos : Mn and ZnSo4Seos : Mn NCs, and
the minimum one for ZnS : Mn NCs.

After registration of the PL spectra of
ZnS,Seix : Mn NCs, the task was to investigate
the behavior of individual PL bands depending
on the composition using a single experimental
measurement. We used a technique based on
the derivative spectroscopy method (DSM) to
solve this problem, which we applied in [29]. It
consists of the following steps:

1) PL spectrum measurement;

2) determination of the nature and level of
measurement  noise, smoothing of the
experimental PL spectrum;
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3) calculation of derivatives of PL spectra
and obtaining data on the number of individual
bands, their intensities, maxima positions, and
half-widths;

4) interpretation of the obtained results.

At the same time, it should be noted that
the greater the number of experimental points
registered at the first stage of the technique, the
more accurate the final result obtained.
Therefore, it is recommended to register spectra
with the highest spectral resolution. Also, the
proposed method can be applied to any spectra,
such as EPR spectra, etc. [30].

In the second stage of the methodology, we
smoothed the spectrum based on the Tikhonov
method; therefore, the task was set:

min 1)~/ (IF de+a[| DLFEF dx. (1)

D[f (x)]=@is an operator of
X

differentiation and «&is a regularization
parameter which sets a compromise between
the square error of smoothing and Euclidean
norm square of the first derivative of the sought
smooth function. The solution to the problem
will be the ratio:

where

f=(1+aD'D ) g, )

where I is the identity matrix and D’ is the

transposed matrix D .

In this case, it is recommended to tune the
operating parameters both to the current noise
environment, due to the noise characteristics of
the used photomultiplier, and to the maximum
value of wuseful spectrum values, using
numerical modeling. It should be emphasized
that possible narrow spectral peaks must be
removed before applying smoothing, as done in
[31]. Using numerical modeling similar to that
carried out in [32; 33], we found the
regularization parameter a = 6- 10°.

At the third stage of the technique,
according to the results of numerical modeling

under the condition € =0.1-7_, , where I, is

max ?
the maximum value of the amplitude of the PL
spectrum, it was found that an acceptable
estimation accuracy is achieved when using
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derivatives up to the sixth, seventh, and eighth
orders. We used the fourth, fifth, and sixth
order of the derivative for calculations. At the
maximum points of the elementary components
of the spectrum, the following relations must be
fulfilled:

I(E)>¢; d*I(E)/dE*>0;

d’I(E)/dE°> =0; d°I(E)/dE® <0, (3)

where  d‘'I(E)/dE*, d’I(E)/dE’  and

d°I(E)/dE® are the initial spectrum’s fourth,

fifth, and sixth derivatives. Thus, we select the
“useful” area of the signal and search in this
area for such E values for which all other
conditions are satisfied simultaneously. The
array of values that satisfy relations (3) is used
to estimate the number and location of the

maxima of individual bands in the PL
spectrum. The ratio:
4 4
o=2- 2111(2) _SM’ (4)
d’I(A)/dA

calculated at the points of maxima of individual
bands allows estimating their half-width. Since
the obtained values of the parameters of
individual spectrum bands usually contain
errors due to measurement noise and
calculation errors, it is advisable to refine the
obtained results in the future. In this paper,
such refinement was performed using the least
squares method with a constraint on the
positivity of the residual of the solution. In
addition, for its implementation, an iterative
scheme of the alternating-variable descent
method was used with the successive
refinement of the values of the individual band
parameters. Also, it is possible to obtain values
of the individual band parameters based on the
decomposition method of the sum of Gaussian
curves, however, the use of this method is
recommended for experimental spectra with
“small noise”, for example, registered at low
temperatures [34].

The obtained results of extracting the
parameters of individual bands from the
integral PL spectrum are shown in Fig. 3.
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Fig. 3. PL spectra of ZnSxSe;.x :Mn NC for values of the parameter x = 0 (a), 0.2(b), 0.4(c), 0.6(d), 0.8(e), 1(f):
individual PL bands with E =1.835 eV (Anax= 675.5 nm) — 1*, E =1.929 eV (Apax= 642.5 nm) — 2, E =2.022 eV
(Amax= 613 nm) — 3, E =2.124 eV (Amax= 583.5 nm) — 4, E =2.255 eV (Amax= 550 nm) — 5,

E =2.345 eV (max= 528.5 nm) — 6 for composition with x = 0;

7 —integral PL spectrum (sum of individual bands), 8 — experimental PL spectrum,

1 —individual PL band E=1.939 eV (Anax = 639 nm) observed in compositions with x = 0.4+1, T = 300 K

The difference between the integral (sum
of individual bands) and the experimental
spectrum arises because, in the third relation,
we extracted the “useful region” of the signal
> 10 % of the maximum intensity of the
experimental spectrum and, therefore, could
miss an individual band of lower intensity.
At the same time, it should be noted that this
difference arises in compositions with
x = 0.4-1. In these compositions, an additional
individual band may appear in the region of
2.48 eV, associated, e. g. with electronic
transitions in Mn?* ions in the ZnS lattice,
which is also observed by other authors [35].

We detected 6 individual bands with the
following parameters in ZnS Mn NCs:
E=1.939 eV (Amax=639 nm)— 1, E=2.012 eV
(Amax = 616 nm) 2, E 2.066 eV
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(omax = 600 nm ) — 3, E = 2.141 eV
(Amax 579 nm) 4, E= 2233 eV
(rmx = 555 nm) — 5, E = 2337 eV

(Amax = 530.5 nm) — 6. These emission bands
are characterized by the following parameters

in ZnSe : Mn NC: E = 1,835 eV
(Amax = 675.5 nm) — 1*, E = 1929 eV
(Amax 642.5 nm) — 2, E = 2.022 eV
(Amax = 613 nm) — 3, E = 2.124 eV
(Amax = 583.5 nm) — 4, E 2.255 eV
(Amax = 550 nm) — 5, E = 2345 eV
(Amax = 528.5 nm) — 6 (Fig. 4). These results

correlate well with the results, we obtained
earlier [20], however, there are some
differences associated with different smoothing
constants.

In the fourth stage of the methodology, we
compare the results with the obtained ones in



METAJIOSHABCTBO TA TEPMIYHA OFPOBKA METAJIIB, Ne 1 (100), 2023 p., |SSN 2413-7405

other works and conclude. The results of DSM
for the PL of ZnS : Mn NCs are in good
agreement with the results of determining the
parameters of individual bands in ZnS : Mn
single crystals and in ZnS:Mn NCs [21; 29]

>

using the Alentsev—Fock and computer
simulation methods. In [21; 36; 37], the
emission of individual bands 1-5 in ZnS : Mn
single crystals and NCs is associated with Mn**
ions located in different local environments.
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Fig. 4. Dependence of the maxima position of the elementary PL bands in ZnSxSe;..: Mn NCs depending
on the x parameter

Band 1 E = 1.939 eV (Amax = 639 nm) is
associated with Mn?* ions in the a-MnS phase.
Band 2 E = 2.012 eV (Amax = 616 nm) is
associated with Mn?" ions surrounded by
oxygen atoms or with *Ti-°A; transition of
Mn?" ions in the ZnS lattice. Band 3
E = 2.066 eV (Amax = 600 nm) is due to Mn?**
ions embedded in octahedral interstices. Band 4
E =2.135 eV (hmax = 580,5 nm) is due to Mn**
ions located near dislocations. Band 5
E = 2.233 eV (Amax = 555 nm) is associated
with Mn?* ions located in the interstices of the
tetrahedra of the cubic lattice, or with Mnz,.
Band 6 E = 2.337 eV (Amax = 530.5 nm) is
associated with isolated sulfur vacancies or a
copper impurity. The revealed PL bands are
present in all compositions of ZnSxSeix: Mn.

Let us consider that the individual emission
band 1* can be traced in the compositions
x = 0+0.4. In the ZnSo4Seos : Mn composition,
this emission band changes from E = 1.841 eV
(Amax 673 nm) to E 1.905 eV
(Amax = 650.5 nm) and transforms into band 1.
Further, this band monotonicallythe follows the
change in the width of the valence band. The
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behavior of individual band 1 can be related to
the fact that, according to [19], ions are
surrounded by selenium ions in NCs with the
parameter x = 0-0.4, and Mn?" ions are
surrounded by sulfur ions at x = 0.4-1.

The position of the emission maximum of
individual band 2 shifts towards higher energies
when parameter x increases. A correlation with
the width of the valence band is seen, therefore
we are inclined to agree with the work [37],
where this individual band is associated with
the *T; - °A; transition of Mn®>' ions in
ZnSxSeix: Mn NC.

The position of the emission maximum of
individual band 3 shifts towards higher energies
when parameter x increases. A correlation with
the width of the valence band is seen, which
occurs when the lattice parameter changes in
the octahedral interstices of the
ZnSxSeix: Mn NC.

The position of the emission maximum of
the individual band 4 shifts slightly towards
higher energies. It should be noted that the
Mn?" ions are located in dislocation regions,
which are practically independent of the change
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in the band gap with a change in the x
parameter in the ZnSxSeix : Mn NC. Probably
these ions are located in the region of
intercrystallite layers, in which the order of
particle arrangement is violated, and the
concentration  of  impurity atoms  is
increased [38].

The position of the emission maximum of
the individual band 5 is also unchanged. We
tend to agree with those authors who associate
this band with Mnz, [36].

The position of the emission maximum of
the individual band 6, depending on the
parameter x, is not monotonous, but abrupt and
complex. Perhaps this band is not elementary. It
should be also noted that the obtaining of
ZnSiSeix : Mn NCs by the CS method is
accompanied by the formation of anionic
vacancies (S, Se) due to the high volatility of
the anionic components.

4. Conclusion

The PL spectra of ZnSiSeix and
ZnSxSeix : Mn NCs obtained by the CS method
were recorded for all compositions with a
parameter step x = 0.2. The movement of the
maximum of the integral PL spectrum in the

ZnSxSeix and ZnSiSeix : Mn NCs towards
higher energies was noted, depending on the
parameter x. This can be explained by an
increase in the band gap of the ZnSxSeix NC
depending on the composition x, as well as a
redistribution of the intensity of the individual
bands that are constituents of the PL spectrum.
The operation of the PL spectrum
decomposition technique based on the DSM
and Tikhonov’s method by a single
experimental measurement is shown. A formula
for smoothing the experimental PL spectrum
based on the Tikhonov method is proposed.
The PL spectra of ZnSxSei.x : Mn NCs were
decomposed, and the parameters of individual
bands were found. It is shown that the sum of
the found individual bands may not correspond
to the experimental PL spectrum; the reason for
this may be the individual bands are not found
with an intensity of less than 10 % of the value
of the integral experimental PL spectrum. The
nature of the found individual bands 1is
discussed. The obtained results realise to use of
ZnS,Seix and ZnSxSeix : Mn NCs synthesized
by the CS method for various optoelectronic
devices.
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